Abstract: A fiber-optic Fabry-Perot interferometer based on UV-curable polymer microhemisphere is proposed and demonstrated. The polymer microhemisphere is formed by adhering and solidifying a liquid microdroplet of UV-curable adhesive to the end face of a cleaved single-mode fiber. The height of polymer microhemisphere could be flexibly controlled by adjusting the diameter of a single-mode fiber. The theoretical and experimental results demonstrate that the refractive index (RI) and the temperature of external environment can be simultaneously measured by the fringe contrast variation and the wavelength shift of reflection spectra separately, alleviating the cross sensitivity effectively. The obtained temperature and RI sensitivities are about 0.19 nm= C and 260 dB/RIU in the RI range of 1.38-1.42.
Introduction
The refractive index (RI) is a fundamental material property, and the detection of minute RI changes is very important in many fields such as bio-chemistry, medicinal chemistry, photoelectric material science, etc. Various methods for the measurement of RI have been developed in the past years. Fiber optic RI sensors are of considerable interest due to their advantages of small size, high sensitivity, immunity to electromagnetic interferences. However, the RI of liquid has strong dependence on temperature, so simultaneous measurement RI and temperature is necessary in order to obtain an accurate value of the RI. One typical solution to the cross sensitivity is to combine multiple optical elements to measure the RI and temperature separately, such as hybrid configuration with fiber Bragg grating (FBG) and long period grating (LPG) [1] , Fabry-Perot (FP) cavity with FBG [2] , Mach-Zehnder interferometer with FBG [3] , dual FP cavities [4] and FP with an embedded golden thin film [5] . However, such methods have complicated design or high cost, which restrict their practical applications. Also, alternative schemes based on a single optical element with different sensitivities at different wavelengths are employed such as slanted multimode FBG [6] , high birefringence D-type fiber loop mirror [7] , and taper fiber interferometer [8] . Comparably, such methods have simple configurations but their sensitivities of RI and temperature are limited.
In this paper, a simple, utlracompact and low cost fiber optic FP interferometer (FPI) enabled by a UV-curable polymer micro-hemisphere (PMHS) is proposed. The PMHS is formed by adhering and solidifying a liquid microdroplet of UV-curable adhesive to the end face of a cleaved single mode fiber (SMF). The curvature of PMHS could be flexibly controlled by adjusting the diameter of SMF. The fringe contrast of FPI output spectra significantly depends on the Fresnel reflection at the interface of PMHS and external enviroment, while the wavelength dips of the fringe are mainly effected by temperature due to large thermal effect of polymer. Hence, the RI and the temperature can be simultaneously measured by recording the fringe contrast and the wavelength dip locations. In experiment, the RI and temperature sensitivities are about 260 dB/RIU in the RI range of 1.38 to 1.42 and 0.19 nm= C, respectively, to the best of our knowledge, which are the highest sensitivities of the fiber sensor for simultaneous two parameters measurement based on a single optical element. Fig. 1 shows the configuration of our FPI. It consists of a leading fiber of SMF and a PMHS at the end face of SMF. The first Fresnel reflection occurs at the interface of SMF and PMHS due to their different refractive indics. As the rest light travels freely to the end surface of the PMHS, the second Fresnel reflection occurs due to the different refractive indics of PMHS and external environment. After the two reflected lights back into SMF, they interfere with each other due to their different optical paths, and thus enable an intrinsic FPI. The two reflected light intensities backed into the SMF are denoted as I 1 and I 2 , respectively.
Operation Principle
As for two-beam light interference, the output intensity of I can be expressed as
where ' is the phase difference and can be expressed by ' ¼ 4n p h=, n p is the RI of polymer, h is the height of PMHS, and is the free-space wavelength. When ' ¼ ð2m þ 1Þ; m ¼ 0; 1; 2 . . . , the minimum wavelength value of output light intensity is located at
where m dip is the dip wavelength with a minima light intensity in the interference spectrum. The intensities of the two interference beams I 1 and I 2 are I 1 ¼ I 0 R 1 and I 2 ¼ I 0 À ð1 À R 1 Þ 2 R 2 , respectively, and R 1 and R 2 are the reflection coefficients for the first and the second Fresnel reflections mentioned above, respectively, given by
where n Ge and n are the refractive indices of SMF core and external environment, respectively. is the coupling loss of the reflective light from PMHS back into SMF, and here, the absorption loss in PMHS is not considered for the small value of h and low absorption coefficient of NOA61 polymer.
The fringe contrast of the FPI is expressed by
where I max and I min are the maximum and minimum intensity values of the output intensity, respectively. According to (2) and (4), it is easily found that the wavelength dips of the fringe are determined by the polymer RI and the height of PMHS, while the fringe contrast greatly depends on the RI of external environment. Fig. 2 (a) plots the fringe contrast changing with n for n p ¼ 1:48, 1.56, and 1.64 at ¼ 0:6. It can be seen clearly that the fringe contrast curve is even symmetrical with n ¼ n p and has two maximum values denoted as n max1 and n max2 , where
À 1Þ. Discrimination of the RI range of n 9 n p and n G n p can be easily realized because a -phase shift between the two cases due to existence of the half-wave loss, and the dips of the interference spectrum will convert to the peaks. Here, we only consider the case that n G n p . When n approaches n max1 , the fringe contrast increases greatly with n increasing, while it decreases with n > n max1 and goes to zero as n closes to n p . It is noted that there are two RI values for a given fringe contrast below n p , which can be discriminated by adopting two FPIs with different indices of UV curing polymer. Fig. 2(b) shows the variation of fringe contrast with the RI of external environment n for ¼ 0:8, 0.6, 0.4, and 0.2, and n p is set to be 1.56. With decreasing, the maximum fringe contrast shifts to lower RI, so exact value of is crucial for the exact RI measurement. In experiment, it can be easily figured out by calibration with Cargille refractive-index-matching oil.
Device Fabrication and Experimental Setup
The PMHS is fabricated with a commercially available Norland Optical Adhesive 61 (NOA61) which is a clear, colorless, liquid photopolymer and can be cured by UV light with a wavelength range of 320 nm to 380 nm. The viscosity of NOA61 is about 300 cps at 25 C, and its refractive index is about 1.56 at 589.6 nm. The fabrication process of the proposed PMHS is schematically illustrated in Fig. 3 . A SMF with one end cleaved is prepared and immersed into the polymer adhesive with a depth of around two hundred micrometers. After taken out, a liquid microdroplet with a proximate hemispherical shape is formed at the end face of the SMF due to surface tension. Then a UV-light lamp is used to solidify the UV-curing liquid microdroplet for about six minutes. And finally, a PMHS is yielded and a FPI cavity is established. In order to obtain the optimum adhesion, the PMHS is aged for 12 hours at 50 C before it is applied for RI and temperature measurements [9] . After fully cured, NOA61 is solvent resistance and reaches its optimum adhesion to SMF.
The surface curvature and the height of such a PMHS can be calculated by [10] R ¼ 1 2h
where h is the height of the micro-hemisphere; d is the diameter of the SMF; V is the volume of the micro-hemisphere mainly depended on the surface tension coefficient of liquid polymer, that is, depended on the viscosity of the liquid polymer. Therefore, according to the above Eq. (5), the height of PMHS is determined by the fiber diameter d and the viscosity of the liquid polymer. With a chosen Norland Optical Adhesive, the height of the PMHS or the cavity length of the FPI only depends on the fiber diameter. In our experiment, the SMFs with different diameter are prepared with hydrofluoric acid etching method. Fig. 4 shows three typical PMHS samples of F1, F2 and F3 with heights of 39.3 m, 22.7 m and 18.7 m, respectively.
The experiment setup of the FPI is shown as Fig. 5 , where a amplified spontaneous emission source (ASE) with an effective wavelength range of 1510 nm to 1590 nm is used as an incident light, and an optical spectra analyzer (Agilent, 86146B) is to record the reflection spectra. 
Responses to Temperature and RI
The reflection spectra of the three samples in the air are shown in Fig. 6 . The fringe contrasts are about 3.5 dB due to stronger Fresnel reflection at the end face of PMHS than that at the interface of SMF and PMHS. As expected, the fringe spacing between two wavelength dips increases with the height decreasing.
The wavelength shift due to temperature perturbation can be expressed as Á ¼ m dip ð þ ÞÁT , where is the thermal expansion coefficient and ¼ ð1=ÁnÞ Á @n=@T is the thermo-optic coefficient. For NOA61, is about 2:25 Â 10 À4 = C, which is about four hundred times of that of silica fiber ð0:55 Â 10 À6 = CÞ, and is about À1:17 Â 10 À4 = C at the temperature range of 25 C $ 55 C [9] . The theoretical temperature sensitivity of the FPI is calculated to be 0.167 nm= C at 1550 nm. The temperature sensitivity is also measured in experiment. The three FPI sensor heads are placed into a tube furnace and heated from room temperature to 55 C with an increment of 5 C in air, and their reflection spectra at different temperatures are recorded. Fig. 7(a) plots the wavelength dips of three samples varying with temperature. It can be seen that the wavelength dips shift to longer wavelength with temperature increasing, and by linear fitting, the sensitivities of the three sensors are 0.19 nm= C, 0.17 nm= C, and 0.197 nm= C, respectively, which are slightly higher than the theoretical result. Fig. 7(b) is the reflection spectra of the sample F1 at different temperatures. It shows that no obvious changes of the fringe contrast is observed, which is same to the other two samples. Moreover, the thermal stability of such a PMHS-based FPI is also tested as the sample F1 is kept at 25 C. The maximum shift of the wavelength dip is 50 pm with 30 min monitoring, so the error of the temperature measurement is estimated to be 0.3 C for the temperature sensitivity of 0.190 nm= C. In order to achieve standard and precise RI measurement of our sensor, Cargille optical index liquid with different refractive indices is used. The sensor heads are immersed into liquid and are kept at room temperature during the entire RI measurement. The variations of fringe contrast with liquid RI for the three samples are shown in Fig. 8(a) . It can be seen that three cases are nearly the same due to similar behavior of the PMHSs with the external RI changing, and the small deviation of the maximum values of n max1 is mainly due to a slight difference of coupling loss coefficients in the fabricated PMHSs. The maximum fringe contrasts locate at n max1 ¼ 1:43, 1.46, and 1.44 for the three samples, respectively. When n G n max1 , the fringe contrast reduces with RI decreasing, while it is inverse for n 9 n max1 , which agrees well with the theoretical calculation. In the range of 1.38 to 1.42, the average sensitivity of RI is about 260 dB/RIU, 92 dB/RIU and 131.3 dB/RIU by linear fitting. To the best of our knowledge, it is the highest RI sensitivity based on fringe contrast variation. Fig. 8(b) shows the evolution of reflection spectra with the liquid RI for the sample F1. It can be seen that the fringe contrast varies with liquid RI, while the wavelength dips locations are almost fixed as the sample is kept at room temperature.
The cross sensitivity of the FPI to temperature and RI also are investigated. Owing to the thermo-optic effect of the solidified PMHS, the two Fresnel reflections R 1 and R 2 also change at the interfaces, which results in the varying of the fringe contrast with temperature fluctuation and gives a measurement error of RI finally. Fig. 9(a) shows the fringe contrast versus external RI at different temperature of 25 C, 45 C, and 65 C in theory, respectively. From the theoretical calculation in the whole RI range of 1.3 to 1.54, the temperature induced measurement error of the external RI reaches a maximum value of 9:5 Â 10 À5 RIU= C at n ¼ 1:34 and approaches zero when n ¼ 1:425. Considering the large measurement range of the RI, such an error is relatively low. Finally, the simultaneous measurement of temperature and RI is tested. The RI of the chosen Cargille index-matching oil is 1.40 at 589.6 nm and at room temperature. Its thermo-optic coefficient is " ¼ À4:12 Â 10 À4 =K, and the relationship between refractive index n and temperature T is to be n ¼ n 0 À " ðT À T 0 Þ where T 0 is the room temperature. The samples are immersed into a small bottle of the index-matching oil which is placed in a heating oven. Fig. 9(b) shows the dependence of reflection spectra on temperature for the sample F1. As expected, the wavelength dips shift to longer wavelength with temperature increasing, while the fringe contrast reduces simultaneously for the decreasing of RI. Compared to the RI response curve of the sample F1 in Fig. 8(a) , the temperature induced measurement error of the external RI is around 7:7 Â 10 À5 RIU= C in the RI range of 1.38 to 1.42. Meanwhile, the experimental results further prove that the temperature and RI sensitivities are consistent with the former tests separately.
Conclusion
In conclusion, a novel fiber optic FPI enabled by UV-curable PMHS for simultaneous temperature and RI measurement is proposed and demonstrated. The PMHS at the end face of fiber is formed by the surface tension of UV curing adhesive and solidified by UV light. The principle of our sensor for simultaneous RI and temperature measurement is that: the fringe contrast variation is caused mainly by the RI changes of the external environment, while the wavelength shifting is for the thermo effect of polymer. In experiment, the refractive index and temperature sensitivities are about 260 dB/RIU in RI range of 1.38 to 1.42 and 0.19 nm= C, respectively, which agrees well with theoretical calculation. To the best of our knowledge, our sensor presents the highest sensitivity for simultaneous two parameters measurement based on single optical element. Moreover, such sensor is simple, easy-to-fabrication, and low cost, making it a good candidate in bio/chemical sensing applications.
